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Artide comprising aligned, truncated carbon nanotubes and process for fabricating article 



(57) The emission properties of aligned nanotube 
arrays are improved by truncating the ends of the nano- 
tubes. Truncation provides nanotubes having a height 
within, for example, 30% of the average truncated nan- 
otii)e height, as well as ends sitetantially free of end 
caps- The cap-free ends provide desirable field concen- 
tration, and the height uniformity increases the nurTt}er 
of parb'ctpating nanotut>es. 
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Descrtptlon 

BACKGROUND OF THE IIWEMTION 
Field of the Invention 

[0001] This invention pertains to devices compris- 
ing electron field eniitters. in particular, field emitters 
containing cartx)n nanotubes. 

Discussion of the Related Art 

[0002] Electron field emitters are useful for a variety 
of applications including microwave-amplifiers and flat- 
panel, field-emission displays. 
[0003] Miaowave vacuum tube devices, such as 
power amplifiers, are essential components of many 
modem microwave systems including telecommunica- 
tions, radar, electronic warfare, and navigation systems. 
While semiconductor miaowave amplifiers are availa- 
ble, they generally lack the power capabilities required 
by most microwave systems. Microwave tube amplifiers, 
in contrast provide miaowave energy at much higher 
power levels. The higher power levels of tube devices 
are the result of the fact that electrons travel at a much 
higher velocity in a vacuum than in a semiconductor. 
The higher speed permits use of larger structures with 
the same transit time. Larger structures, in turn, permit 
greater power levels. 

[0004] Microwave tube devices typically operate by 
introducing a beam of electrons into a region where the 
beam interacts with an input signal, and then deriving 
an output signal from the modulated electron beam. 
See. e.g.. A.W. Scott. Understanding Microwaves Ch. 
12. John Wiley & Sons (1993), the disclosure of which is 
hereby incorporated by reference. Microwave tube 
devices include traveling wave tubes, gridded tubes, 
klystrons, cross-field amplifiers and gyrotrons. The 
usual source of electrons for microwave tube devices is 
a thermionic enr^ion cathode, typically *ornf>ed from 
tungsten cathodes, optionally coated with t>arlum oxide 
or mixed with thorium oxide. The cattK)de is heated to a 
temperature around lOOO^C to produce thermionic 
electron emission on the order of anperes per square 
centimeter. 

[0005] The requisite heating of thermionic cathodes 
causes a nurrt>er of problems. Cathode lifetime is lim- 
ited because key constituents of the cathode, such as 
barium oxkJe, emporate under the high operating tem- 
peratures, and when the barium is depleted, ttie cath- 
ode (and hence the tube) no ionger perform. Many 
traveling wave tubes (TWTs). for exanple, have operat- 
ing lives of less ttian a year. Also, the need to raise the 
cathode to the operating temperature causes emission 
delays of up t several minutes, which is rK>t acceptable 
for most commercial applications. In addition, the high 
temperature operation generally requires a peripheral 
cooling system, such as a fan. thereby increasing the 



size of the overall device or syste^^ It would therefore 
be desirable to develop mia^ave tut>e devices that do 
not require such high temperature operation, e.g., cold 
cathode devices. 

s [0006] Another promistng application of field emit- 
ters is thin, mato-ix-addressable, flat panel displays. See, 
for example. Semiconductor Intemational December 
1991. p.46: C. A. Spindt et al.. IEEE Transartinn<^ r yn 
Electron Devices Vol. 38. 2355 (1991); I. Brodie and C. 

10 A. Spindt. Advances in Bectronics and PlPrtr^yi p\^<:^. 
is, edited by P. W. Hawkes. Vol. 83. pp. 1 (1992); and J. 
A. Costellano. Handbook of Display Technology. Aca- 
demic Press. 254 (1992); and U.S. Patents Nos. 
4.940.916: 5.129.850; 5.138.237 and 5.283,500. the 

15 disclosures of which are hereby incorporated by refer- 
ence. 

[0007] A variety of characteristics are known to be 
advantageous for cathode materials of field enission 
devices. The emission current is advantageously volt- 

20 age controllable, with driver voltages in a range obtain- 
able from 'off the shelf integrated circuits. For typical 
devk;e dimensions (e.g. 1 pm gate-to-catiiode spacing), 
a cathode that emits at fields of 25 V/Mm or less is gen- 
erally desirable for typical CMOS circuiti^y The emitting 

25 current density is advantageously in the range of 1 -10 
mA/cm^ for flat panel display applications and 
>100mA/crn^ for microwave power amplifier applica- 
tions. The emission characteristics are advantageously 
reproducible from one source to another and advanta- 

30 geously stable over a very long period of time (tens of 
thousands of hours). The en^ssfon fluctuations (noise) 
are advantageously small enough to avoid limiting 
device perfornwnce. The cathode is advantageously 
resistant to unwanted occurrences in the vacuum envi- 

35 ronment such as ion bombardment, chemical reaction 
with residual gases, tenperature eartremes, and arcing. 
Finally, the cathode manufacturing is advantageously 
inexpensive, e.g. no highly critical processes and adapt- 
able to a wide variety of apF)lications. 

40 [0008] Conventional field emission cathode materi- 
als are typically made of metal (such as Mo) or semi- 
conductor material (such as Si) with sharp tips of 
sutjmiCTon size. While useful emission characteristics 
have been demonstrated for tiiese materials, the comrol 

45 voltage required tor emission is relatively high (around 
100 V) because of their Ngh work functions and rela- 
tively dull (i.e., insufficiently sharp) tips. This high volt- 
age operation increases the damaging instabilities due 
to ion twmbardment arxl surtace diffusion on the emitter 

50 tips and necessitates high power densities to be sup- 
plied from an extemal source to produce the required 
emission current density. The fabrication of uniform 
sharp tips is difficult tedious and expensive, especially 
over a large area, tn addition, the vulnerability of these 

ss materials to conditions of a typical operating environ- 
ment e.g.. ion bombardment reaction with chemically 
active species, and temperature extremes, is of con- 
cern. 
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[0009] Cart)on materials (diamond and cartxxi nan- 
otiA)es) have recentfy emerged as potentiaay usefii 
electron field emitterB. Diamond offers advantages due 
to the negative or low electron affinity on its hydrogen- 
tenninated surfaces, but the technological advances 5 
have been somewhat slow because of emission non- 
uniformity and the tendency for graphitization in dia- 
nwnd emitters at increased emission currents , e.g.. 
above atxxjt 30mA/bnf . 

[00101 Carbon nanotubes feature a high aspect 10 
ratio (>1,000) and a small tip radii of curvature (-5-50 
nm). These geometric characteristics, coupled with the 
high mechanical strength and chemical stability of the 
tubdes. make carbon nanotubes attractive as electron 
field emitters. See. e.g., German patent No. 4.405.768: is 
Rtnzler et al.. Soms^ Vol. 269. 1550 (1995); De Heer 
et al.. So^JSfi. Vol. 270, 1179 (1995); Saito et a!.. 
jpn^Appt.Phyg., Vol. 37. L346 (1998); Wang et al.! 
ApplPhygrl-ett,. Vol. 70. 3308 (1997); Saito et al.. 
Jpn.j Appi.Phys.. Vbl. 36. LI340 (1997); and Wang et 20 
al.. Apot.Phvs.Lett VW. 72. 2912 (1998). the disclo- 
sures of which are hereby incorporated by reference. 
Unfortunately, carbon nanotubes are typically available 
in the form of needle-fike or spaghetti-like powders 
which are not easily or conveniently incorporated into a 25 
field emitter device structure. However, processes such 
as chemical vapor deposition have recently been used 
to successfiily fabricate aligned nanotiA>e ensembles 
on substrates. See. ag.. Ren et al.. Science Vol. 282. 
1105 (1998); U et al., SdencQ. Vol. 274. 1701 (1996)! 30 
and deHeer et al.. Sdence. Vol. 268. 845 (1995). The 
emission properties of such aligned nanotii^e ensem- 
bles have not been optimized, however, and processes 
for improving the emission properties of such aligned 
nanotube ensembles are therefore desired. 35 

SUMMARY OF THg INVFKmOM 

[0011] The invention provides for improved emis- 
sion properties in aligned nanotube ensembles. Specif- 40 
ically the recentiy-disoovered processes for fabricating 
aligned nanotube ensembles provide nanotubes exhto- 
Iting some undesirable properties. In particular, the nan- 
otii>e ends tend to be capped by metal particles or 
relatively targe regions of carbon, and the nanotubes 4S 
themselves exhibit nonnmiform height (Capped does 
not include nanotubes spherically terminated vvith a car- 
bon hemisphere having a diameter equal to or less than 
the diameter of the nanotube itself.) The capped ends 
tend to reduce the field concentration conpared to 50 
open, eg., broken, ends or cartxKvterminated spherical 
ends of small diameter, and the non-uniform height 
causes taller nanotubes to electricaHy shield shorter 
nanotiA>es, thereby reducffig the nurrber of nanotubes 
participating in emissioa (Aligned indicates that the ss 
average deviation from perfect alignment normal to the 
siworting surface, at the point on th surface from 
which the narK>tU>e protrudes, is less than 30*. as 



drtermined. for example, using high-resolution scan- 
ning electron microscopy) 

(0012] Th invention, however, by truncating the 
ends of such aligned nanotube enseottes. provides 
ioproved emitter structures. Specifically, truncation pro- 
vides nanotubes having a height uniforn*ty within 30% 
of the average nanotube height (as measured from the 
surface of the supporting sU)strate). and also provides 
a nanotiA>e ensemble in which at least 10% of the nan- 
olU)es are free of end caps, advantageously at least 
50%. The resulting truncated ends provide desirable 
field concentration, and the resulting uniformity in height 
tfKxeases the number of participating nanotubes. Trun- 
cation is performed by any suitable technique, bi one 
embodin>ent a high energy beam is used to truncate 
the nanotut>es of an aligned nanotube ensemble (Fig. 
1). It is also possible to burn off a top portion of the nan- 
otiA>es by selective heating in an oxidizing atmosphere 
(Fig. 2). Alternatively, the nanotube ends are brought 
into contact with a molten cartwn-dissolving material 
(Fig. 3A) or a solid metal having high carbon solubility 
(Rg. 38). In another embodiment the aligned nano- 
tii)es are embedded in a solid matrix, which is sec- 
tioned or polished, and then etched to provide 
protruding nanotubes (Fig. 4). 
[001 3] The resulting structure maintains the aligned 
nanotibe orientation, but further exhibits nanotul>es of 
uniform height, having sharp, cap-free tips useful for 
field emission. 

BRIEF DESnRi PTION OF TMF DRAWINC^c i 
[0014] 

Fig. 1 illustrates one embodiment tor truncating 
aligned nanotut)es according to the invention. 
Frg. 2 illustrates another embodiment tor truncating 
aligned nanotubes according to the invention. 
Rgs, 3A and 3B illustrate further embodiments for 
ti^incating aligned nanotubes according to the 
invention. 

Figs. 4A-4D illustrate an additional entxxJiment for 
tojncating aligned nanotubes according to the 
invention. 

Fig. 5 illustrates a nanotube cathode fonned 
according to the invention. 
Rg. 6 illustrates a traveling wave tube structure. 
Rg. 7 illustrates an enlarged view of the electron 
gun structure of the traveling wave tube of Rg. 6. 
Rg. 8 iDustrates a multiple grid structure designed 
tor extracting, accelerating and focusing an electron 
beam from a nanotube cathode surface according 
to the Invention. 

Rg. 9 illustrates preparation of a muRiiayer grid 
structure using magnetic mask partide stacks. 
Fig. 10 illustrates preparation of a multilayer grid 
stoicture using elongated mask partkdes. 
Fig. 1 1 iOustrates a ffat panel field emission cfisplay 
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acGonfing to the invention. 

DETAtL£D DESCRIPTION OF THE IfslVFNTtn^; 

Nanotube Emitter Str ucture and Plication M&^fvy f 

1001 5] In design and fabrication of efficient powef- 
ful. and reliable field emitters, high emission cunent 
density is desirable, and is capable of being attained by 
increasing the density of nanotubes on the emitter sur- 
face. Providing a high^ensity of cartxwi nanotubes on 
an emitter surface has been relatively difficult, in part 
because nanotubes generally resemble an aggregate of 
loosely-tangled needles or spaghetti-shaped wires of 
non-uniform height and in part due to the problems of 
attactwng nanotubes to a conducting substrate. The 
recently-discovered techniques for forming aligned nan- 
otutje arrays, however, make such high density more 
readily attainable. 

[001 6J In addition, electron field emission is 
enhanced when the geometrical feature of the emitter is 
made small, due to the concentration of electrical field 
near sharp tips. Carbon nanotubes* snnall diameter, 
e.g.. as small as 1 .3 nm. provides an effective field con- 
centrating feature. However, the ends of the nanotubes 
provide even smaller radii of curvature for enhanced 
field concemration and electron emission. In fact, elec- 
tron emission from nanotube tips is easier than enis- 
sion from the sides. ag„ tip emission occurs at much 
lower field levels, tt is thus advantageous to form a nan- 
otut)e field emitter structu-e having an increased 
number of nanotube ends exposed. Moreover, it is even 
more useful to have sharp, uncapped ends oriented 
toward the anode of an emitter device, as provided tsy 
the invention. 

[0017] Another important structural feature of a 
nanotube field emitter is the height of the protruding tips 
from the surface of the substrate. The uniformity of pro- 
trusion is important in order to irxrease the number of 
nanotut}e tips participating in emission. Specificatly. 
because of the shielding of local electrical field by the 
highest protruding tips, the contribution to the field emis- 
sion would be dominated by these highest tips, with 
neartjy, less protruding, tips making a reduced corrtrfou- 
tion. Thus, for field emission applications, the truncated 
nanotubes advantageously have a height within 30% of 
the reference distance, more advantageously witrtn 
10%. The reference distance is the smaller of the aver- 
age height of the truncated nanotubes (from a substrate 
surface) and the average cfistance between neighboring 
nanoti4>es. For applicatfons other than emission, eg., 
energy storage, the truncated nanotubes advanta- 
geously have a height within 30% of the average trun- 
cated nanotut}e height niore advantageously wHNn 
10%. 

[001 8J For these reasons, the invention, by trunca- 
tion of aligned nanotube arrays, provides a structure 
exhfoiting improved emitter density and emissfon cur- 



rent density. The fabrication of the emitter structures is 
as follows. 

[00191 An aligned cartxw nanotube ensemble is 
fabricated or obtained. The precise mechanism of 

5 aligned nanotube growth is not clearly understood, txrt 
methods for attaining the growth are known, as dis- 
cussed above. Such fabrication methods include chem- 
ical vapor deposition, electic arc discharge, and laser 
ablation. It is posstole to enhance the aligned growth by 

10 an applied or a naturally-present electric field (e.g., in 
the growth plasma) during the nanotul>e synthesis. 
Other techniques, such as the use of temperature gradi- 
ent are also suitable for promoting the aligned growth of 
nanotubes. 

15 [0020] The nanotubes are then truncated to provide 
uniform height nanotukjes having sharp tips. H is possi- 
ble that after truncation, small diameter cartxxi hemi- 
spheres will form on the truncated ends. As discussed 
atx)ve. such hemispheres are not considered to be caps 
20 if the diameter is no more than the diameter of the nan- 
otube itself. The average nanotube diameter is in the 
range of about 1.3-200 nm depending on whether the 
nanotubes are single-walled, multiwalled or bundled- 
singlewall types. (Single wall nanotubes tend to exhibit 
25 a typical diameter on the order of 1 to 5 nm. and are 
often made in the tonn of a bundle. Multi-wall nanotubes 
contain many concentric graphite cylinders and tend to 
exhibit a typical diameter on the order of 10 to 50 nm. 
The aspect ratio for both types is typically 100 to 
30 10,000.) The average height of the aligned, truncated 
nanotul>es from a supporting sut>strate according to the 
invention is typically in the range of O.OMOOOMm. pref- 
erably in the range of 0.1-100 jim. 
(00211 According to one embodiment of the inven- 
35 tion, reflected in Rg. 1. a high-energy beam 10 is used 
to truncate a ensemble of aligned nanotut^es 12. Suita- 
ble t>eams include, but are not limited to, laser tjeams. 
electron beanrs. and ion beams (e.g., argon or oxygen 
plasma), ton beams or plasma t>eams are advanta- 
ge geous. It is possible to utilize, for exanrple, a point 
source beam, a muftipfidty of parallel beams, or a pla- 
nar t>€am, either in a stationary mode or in a scanning 
mode of illumination. Typically, the substrate is rotated 
to inprove truncation unifonnity. The nanotubes 12. at 
45 the point where the beam makes contact is evaporated 
and the nanotut>es are truncated one after another as 
the beam propagates through the aligned nanotuljes. A 
light vacuum suction or a gentie gas blow is optionally 
utilized, especially in the case of a laser beam, to sweep 
so away debris 1 4. The taller nanotttoes tend to atssorb the 
incoming fc>eam and evaporate, thereby shielding the 
shorter nanotubes. and the beam inclination is advanta- 
geously set such that this shadowing effect is attained. 
Advantageous inclinations will typically be wHhin a fac- 
ss tor of 3 of (^ ), measured in radians, wherein dN is 
the average distance t>etween neigtiboring nanotubes. 
For samples with a low density of nanotutjes. however, 
the collimation requirements on the beam and flatness 
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requirements on the sut>strate niake this embodiment 
relativet/ drfficutt 

[0022] The desired level of beam energy substan- 
tially depends on the nature of the beam, the size and 
density of nanotube array samples, and the mode of s 
beam operation. For example, in the case of an argon- 
Ion beam, incident at 3^ a typical partde energy is 
about 1 keV. and a typical total dose is about lO-^W^ 
10023] Figure 2 schematically aiustrates another 
entxxjiment tor truncating an aligned carbon nanotube io 
anay. using an oxidizing atmosphere and a tenperature 
gradient Essentially all forms of solid cartxxi twrn in the 
presence of an oxygen-containing atmosphere at high 
temperature, thereby forming a gas e.g., CO or CO2. 
The burning and opening of carbon nanotube ends has is 
been derrwstrated, as shown for example in P.M. 
Ajayan et al., "Opening cartoon nanotubes with oxygen 
and implications forfilling." Nature. Vol. 362, 522 (1993). 
However, the reactions have been carried out on ran- 
domly-oriented nanotubes with no control of the degree 20 
of opening or the length of the resulting nanotubes. 
[0024] In contrast acconing to this embodiment a 
portion of aligned cartxw nanotubes 20 at an ambient or 
low temperature is heated in a controlled and predeter- 
mined manner by contact with a heated body, e.g., a hot 2s 
blade 22. using, fa example, a sliding, sweeping, or 
rotating motioa The heated body pro\ndes a tenpera- 
ture gradient - high temperature at the top portion of the 
nanotiA)es 20, and a lower temperature at the tmom 
portion. Those portions of the nanotubes 20 which 30 
reach a critical temperature, e.g., about 400*C or 
higher, react with oxygen and bum away The critical 
temperature for nanotut>e twrn depends on the oxygen 
partial pressure in the atmosphere, the time of contact 
between the hot blade and the cartxKi nanotul>es, as 35 
well as the diameter of the each narratube (or each bun- 
dle of nanotiijes). The use of a hot blade 22 of particu- 
lar shape, or other sharp, focused body, reduces the 
extent of burning of already-truncated nanotubes. 
Advantageously, a spacer is used to maintain a certain 4o 
sweep height above the supporting substrate 24 (e.g.. a 
pair of constant-height rails placed near the edge of the 
nanotii>e array sample). It is possible to use a single 
sweep a several sweeps of the blade 22. 
[0025] "The heated body is generally formed from a 45 
m^llic or ceramic material, and is of any suitable 
shape or form, ft is heated to a desired tenperature by 
any suitable technique. For example it is possfole to 
place the body in a furnace to reach the desired tenper- 
ature, to heat the body in situ, e,g., a razor blade par- so 
tially located within a torch flame, or to use an 
electrically-heated material, e.g.. a highly resistive heat- 
ing-element alloy. It is also possible to use a flame itself, 
providing the flame direction and intensity is well-con- 
trolled. (For purposes of the invention, such a flame is ss 
considered to be a heated body) The t nperature of 
the blade tip wWch contacts the nanotube is at least 
400*»C. advantageously at least 600*C. Depending on 



the desired level of control and desired speed of tmnca- 
tion, It is possiile t use. for example, a 100% oxygen 
atmosphere or a diluted oxygen atmospher (e.g. . air or 
5% O2 in Ar). ft is also possible to use a full or partial 
carbon dioxide atmosphere. Control sanples are easily 
used to detenmine appropriate conditions for truncation 
of the nanotut)es according to this embodiment, 
[0026] In another embodiment nanotube truncation 
is perfonmed by dissolving cart)on from the nanotube 
ends into a molten metal (Rg. 3 A) or solid metal (Fig. 
3B), Carbon's relatively high solubility in certain liquid or 
solid metals is well known. As illustrated in Fig. 3(a). the 
growth ends of the aligned nanotubes 30 are dipped 
into a moften, cartxKi-dissolving (i.e.. cartx)n-soluble) 
metal 32 to the level of desired truncating height, and 
then renwed from the melt and cooled. To avoid oxida- 
tion of the meft. the reaction is advantageously per- 
formed in an inert atmosphere such as Ar or in a 
reducing atmosphere such as Hg. If desired, any rem- 
nant metal coating or debris near the to^uncated nano- 
tiA)e ends are add-dissolved to expose clean, troncated 
tips, in utilizing liquid solubflity for nanotube tmncating 
in the present invention, molten metals with both a rela- 
tively low mefting point and a high solubility for carbon 
are advantageously used, although higher melting point 
metals such as iron are also possible. For exarrple. rare 
earth metals such as Ce (melting point = 798*'C; liquid 
soiUjility of carbon at ^900»C of -25 atonic % carbon), 
and U (melting point = 918*0) are useful, ft is also pos- 
sible to use even lower-melting point alloys of such 
materials, e.g., Ce with 28 atomic % Cu (melting point = 
424*'C). or U with 30 atomic % Ni (melting point = 
532*0). Various other alloys are also useful, particularty 
alloys containing at least one rare earth metal and at 
least one non-rare earth metal, such as a transition 
metal. 

[0027] Fig. 3B illustrates use of a solid-state diffu- 
sional dissolution of caibon. as opposed to use of a mol- 
ten metal. Speofically. a solid metal or alloy 40 with high 
solid-solubility of cartxwi. such as Ce. La. La-Ni. Fe. or 
Mn, is heated to a high temperature, e.g.. 400-1000**C 
in an inert or reducing atmosphere. The aligned nano- 
tiA)es 42 are then gently rubbed against the hot solid 
metal 40. advantageously in a repeated sweep motion, 
until a desired length of the cartxwi nanotube 42 ends 
are dissolved by solid state diffusion, ft is possible for 
the rubbing motion to be linear, rotational or a random 
motion. At least one spacer 44 is advantageously used 
between the nanotiAes 42 and the hot carbon-dissolv- 
ing metal 40 in order to control the truncating height In 
this solid state approach, the temperature of the cartxxi- 
dissolving solid metal or alloy is advantageously main- 
tained at least 20*C below its melting point 
[0028] Another entxxSment for tmncating aligned 
caitwn nanotubes is illustrated in Figs. 4A'4D. Accord- 
ing to this embodiment the aligned carbon nanotubes 
50 are sut>stantially erwapsulated in a solid matrix 52. 
as reflected in Figs. 4A and 4B. The erwapsulation is 
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performed using any suitable matrix materials, including 
n^etals. polymers (indudng epoxies). ceramics, a com- 
posite materials Rx example, a moHen metal or aNoy of 
low melting point solder is infiltrated into the nanotube 
array and then allowed to solidify. Advantageously, such 5 
a metal or alloy contains a small admixture of a carbide- 
forming element for improved wetting of the nanotubes 
(e.g.. Ti. V. Cr. Mn. Fe. Zr. Nb. Mo. Hf. Ta. W)- Typically, 
the number of cart>ide-forming element atoms is nor 
more than 50% of the nurrt>er of cartwn atoms in the 10 
nanotubes. It is also possible to encapsulate the nano- 
tubes in a metal salt solution such as Cudj. CUSO4. or 
lnCl3 dissolved in water or solvent, optionally containing 
a water- or solvent-soluble binder, by infiltrating the nan- 
otul)e array, drying the composite, and baking the com- 15 
posite to reduce the metal salt to a metallic matrix. 
Polymer encapsUants (electrically conductive or non- 
conductive) are also useful. 

[0029] The composite structure 54. containing 
aligned nanotubes 50 erT4)edded in a solid matrix 52 is 20 
then sectioned or polished parallel to the nanotube 
array sUbstrate in order to provide truncated nanotut>es 
56, as shown in Fig. 4C. The sectioned or polished sur- 
face of this structure is then lightly etched, e.g.. by acid 
or base in the case of metal matrix, or by water or sol- 2S 
vent in the case of water-soluble or solvent-soluble 
matrix. This last processing step aeates a desired 
structure 60 containing protruding nanotubes 58 with 
truncated ends and relatively uniform height 
[0030] The aligned and tmncated nanotube array 30 
structure prepared according to the invention is useful 
for a variety of devices iriduding microwave vacuum 
tube devices, flat panel field emission cfisplays. and 
hydrogen storage devices, as desabed below. 

35 

Devices In corporatiriQ Nanotube Emitter Structures 

[0031] The emitter structures formed as discussed 
above are useful for a variety of devices, including 
microwave vacuum tut)e devices and flat panel field 40 
emission devices. Because efficient electron emission 
at low applied voltages is typically achieved by the pres- 
ence of accelmting gate ^ectrode in dose proximity to 
the emitting source (typically about 1 -1 0 pm distance), it 
Is advantageous to have rumerous gate apertures in an 45 
emitter structure to enhance the capat)flity of the struc- 
ture Specifically, a fine-scale, miaon-sized gate struc- 
ture with numerous gate apertures advantageous for ' 
attainirtg high emission efficiency. 
[0032] Accordingly, in the emission devices of the so 
invention, a grid structure is advantageously formed in 
front of the nanotul>e emitter structure described herein. 
The grid is a conductive element placed between the 
electron emitting cathode and the arxxle. It IS separated 
from the cathod kxjt sufficiently dos to the nanatut>e ss 
emitter to excite emissi ns (typically within 1 0 um of the 
emitting nanotuk>e tips). Yet this dose spacing is possi- 
ble nly if the emitter tips have relatively uniform height 



As discussed previously, the fabrication process of the 
invention provides narx3tut>e tips exhfoiting such uni- 
formity. 

(00331 The grid is generaOy separated from the 
cathode by an electrically insulatirig layer such as alumi- 
num oxide or silicon dioxide. Advantageously the grid 
structure in the invention contains an electrically con- 
ducting layer, e.g., a thin fim or thin foil, with a multitude 
of apertures. Within each aperture, a multiplicity of nan- 
otubes emit electrons when a field is applied between 
the cathode and the grid. 

[0034] The dimension of the grid apertures is typi- 
cally in the range of 0.05-100 pm in average maximum 
dimensfon (e.g.. diameter), advantageously at least 0.1 
um. and more advantageously at least 0.2 ^m to ease 
manufacturing. The average maximum dimension is 
advantageously no more than 20 pm. more advanta- 
geously no more than 5 >im in order to increase the den- 
sity of grid apertures, and reduce the voltage necessary 
to achieve electron emission. Circular apertures are 
advantageous in that they provide a desirable coUi- 
mated electron beam with relatively low perpencficUar 
momentum spread. The thid^ess of the grid conductor 
is typically in the range of 0.05-100 ^m. advantageously 
0.05-10 pixi The grid conductor material is typically 
chosen from metals such as Cu. Cr, Ni. fJb. Mo. W or 
altoys thereof, txit the use of conductive ceramic materi- 
als such as oxides, nitrides, and carbides is also possi- 
ble. The apertured (or perforated) grid structure is 
typically prepared by conventional thin film deposition 
and photolithographic etching. 
[0035] Advantageously the grid is a high density 
apertured gate structure such as described in U.S. Pat- 
ents Nos. 5,681.196 and 5,698.934, the disclosures of 
which are hereby incorporated by reference. The combi- 
nation of very fine and high-density nanotube emitters 
with a high<lens(ty gate aperture structure is particu- 
larly advantageous. Such a high density gate aperture 
stnicture is conveniently formed by utilizing micron or 
sulKniaon sized partide masks. Specifically, after for- 
mation of the nanotube emitter structure, mask partides 
(metal, ceranuc. or plastic partides typically having 
maximum dimensfons less than 5 ^m and advanta- 
geously less than 1 pm) are applied to the emitter sur- 
face, e.g., by spraying or sprinkling. A ctieleclric fim 
layer such as Si02 or glass is deposited over the mask 
partides as by evaporation or sputtering. A conductive 
layer such as Cu or Cr is deposited on the dielectric. 
Because of the shadow effect the emitter areas under- 
neath each mask partide have no dielectric film. The 
mask partides are then easily brushed or t)fown away 
leaving a gate electrode having a high density of aper- 
tures. Fig. 5 illustrates such a partide mask technk^ue. 
The mask partides 70 are focated above the protruding 
nanotub emitters 71. Upon depositi n of th insUating 
layer 73 and the grid conductor layer 74 ntoconducta 
75 on substrate 76, the mask partfoles 70 block portions 
of the nanotube emitters 71. When the mask partides 
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70 ar removed, nan tubes 71 are exposed though the 
resuttant apertures. The resuttant structure is then 
capable of being incorporated into a des^ce. 
10036] Fig. 6 is a schematic aoss section of a typi- 
cal micrmave vacuum tube device - here a traveling s 
wave tube (TWT). The tube device contains an evacu- 
ated tkjbe 80. a source of electrons in the fcxm of an 
electron gun 81. an input window 82 for introducing a 
microwave input signal, an interaction structure 83 
where the electrons interact with the input signal, and a io 
microwave output window 84 where microwave power 
derived from the electrons is taken out of the tube. In the 
case of a TWT, other components include a focusing 
magnet (not shown) to focus the beam of electrons 
through the interaction structure 83. a collector 85 to is 
collect the electron beam after the output microwave 
power has been generated and an intema! attenuator 
(not shown) to absorb microwave power reflected back 
into the tiA)e from mismatches in the output. For a TWT. 
the interaction region 83 is typically a conductive helix 20 
for t}roadk>and applications and a coipled-cavity region 
for high power applications. 

[00371 The electron gun 81 is an electron source 
that generates, accelerates and focuses an electron 
beam to follow a desired trajectory after it leaves the 25 
gun. Rg. 7 illustrates a conventional electron gun com- 
prising a thermionic cathode 90. one or more grids 91 
for inducing emission of electrons, focusing electrodes 
92 for focusing the electrons into a beam, and apertured 
anode 93 for further directing the beam 94 into interac- so 
tkxi structure 83. For TWT applications, a tong. tNn 
electron beam at relatively tow voltage and Ngh curent 
density is advantageous. Electron guns range in config- 
uration from a planar cathode faced by a planar anode 
to more elaborate designs such as Pierce guns, conical 35 
diode electrodes, concentric cylinders or spherical cap 
cathodes. (See. e.g.. A.W. Scott, surxa .) 
[0038] In operation of the device shown in Figs. 6 
and 7, an electron t>eam 94 is accelerated from the 
cathode 90 by Hgh voltages applied to grids 91 and 40 
anode 93. The electron beam is then shot into the inter- 
action structure 83 where it interacts with the microwave 
input signal such that the beam 94 is amplified as the 
electrons and the signal travel together through the 
interactfon structure 83. The electrons advantageously 4S 
travel at the same velocity as the microwave signal on 
the interaction structure 83. The power of the input sig- 
nal modulates the electron bearn 94, and the modulated 
electron beam 94 generates an amplified fomri of the 
input signal at the output 84. so 
[0039] The cathode 90 and grid 9 1 are the source of 
electrons for the electron beam in the TWT of Rg. 6. 
The cathode advantageously has the foltowing proper- 
ties and capabilities: (1) eOxm a surface able to emit 
electrons freely without the necessity of external excita- 55 
tkxi such as heating or bombardment (2) supply a high 
cun-ent density, (3) long operating Kfe with its electron 
emission continuing sutjstantially unimpaired. (4) allow 



production of a narrow beam with a small spread in 
electron momentum, and (5) alfow production of a mod- 
ulated electron beam at or near the cathode. In contrast 
to conventional thermionic cathodes, coW cathodes 
comprising aligned protruding nanotube emitters exhibit 
these properties. Specifk:ally. nanotube-based cokJ 
cathodes are capatiie of fast room-temperature emis- 
sion when an electric field is applied. They allow the 
production of a modulated electron beam over a dis- 
tance o( a few microrts (as in the case of beam modula- 
tion performed directly by the grids), permitting the use 
of a shortened interaction region and resulting in a 
lighter, more oonpact device, 
[0040] When using nanotube-based cold cathodes 
in microwave vacuum tube devrces. it is desired to keep 
electron beam spread within a reasonable level. Elec- 
trons emerge from the cathode surface with a nonzero 
velocity and at various angles to the surface normal. 
The field-emitted electrons thus have a distribution of 
momentum values in the cfirection of electron t>eam tra- 
jectory. These effects - random emission of electrons, 
undesirable nx)mentum perpendicular to the path from 
the cathode to the anode and the resulting crossing of 
electron trajectories on the microscopic scale - all 
reduce the performance of the microwave arrpltfier by 
giving rise to shot noise as well as affecting the mini- 
mum diameter that a convergent beam can attain. It is 
therefore desirable to inhibit electron beams from differ- 
ent apertures in the grkJ from merging unless the elec- 
tron beams are nearly parallel. Specifically, if the beams 
merge while individually diverging, the phase space 
density of the resultant beam will be lowered, because 
at any given point electrons are found with a variety of 
different momenta. 

[0041 ] H is possible to reduce the divergence angle 
of the electrons from each aperture by creating an elec- 
trostatic lens in the aperture. However. Liouville's Theo- 
rem constrains the extern to which a lens is able to 
reduce the perperxJicular momentum spread. If the 
emitting area is equal to the lens aperture, then no sub- 
stantial improvement is obtained. If the emitting area is 
smaller than the lens aperture, it is possible to reduce 
the perpendicular momentum distribution (with proper 
lens design) by the ratio of the racfius of the emitting 
area to the radius of the lens. 
[0042] H is therefore desirable to allow emissfon 
oniy from small spots near the center of each aperture, 
i.e. at most 70% of the area and advantageously at 
nrxjst 50% of tt>e area of the aperture. It is possitile to 
control the emission by patteming the substrate so that 
for a plurality of the emitting apertifes, only a small area 
(smaller than the aperture area) is electrically conduc- 
tive. It is also possible by controlling nanotube incorpo- 
ration process so that only the central area within the 
emitting aperture is activated and emits electrons, e.g.. 
by depositing a non-emissive overiayer on the nanotube 
emrtters everywhere but at the center of the apertures. 
(0043] A multilayer, apertured grid is useful tor 
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reducing the divergence angle. In such a multiiayer grid, 
thefirst grid is operated at a negative potential. The fiist 
grid is typicany 0.05 to 10 of its average mannufii aper- 
ture dinrwnsion (e.g.. diameter in the case of round 
apertures) above the cathode, advantageously 0.3 to 2. 
Typically, the apertures are round and have a diameter 
of 0.05 to 100 Jim. advantageously at least 0.1 jim. 
more advantageously at least 0.2 ym. This first grid 
reduces the electric field at the cathode surfece. near 
the edge of the hole, and thereby sqapresses emission 
preferentially from the edge. Successive grids typically 
exhijit positive voltages relative to the cathode. The 
multilayer grid structure has at least two layers and 
advantageously at least 4 layers of grid conductors, as 
illustrated in Rg. 8. Grid conductors 100A. 100B. 100C, 
100D are separated by insulators 101A. 101B. loic! 
101 D, and define aligned apertures 102. Nanotube 
emitters 103 located within each aperture 102 are sup- 
ported by a cathode conductor 104. which is located on 
a sUjstrate 105. The grid conductors 100A-100D allow 
the electron beams to be focused during traveling. The 
first grid layer closest to the emitters (lOOA) is generally 
biased negative to reduce the perpendicular momentum 
through suppression of field emission near the edge of 
the grid apertures 102. A negative bias on the first grid 
also focuses a diverging electron beam into one that 
has momenta nrrore neariy paraflel to the surface nor- 
mal. (A single grid provides similarty useful properties if 
the field applied by the anode is sufficiently large to 
«3rce emission even in the presence of a negative 
charged grid However, multiple grids are advantageous 
in reducing the required voltage on the anode, and in 
providing a better collimated electron beam.) 
10044] The multilayered grid structure is prepared 
by conventional thin film deposition and photolitho- 
graphic techniques. It is also possfcle to prepare the 
grid structures of Rg. 8 by a particle mask technique as 
discussed previously, as illustrated in Rgs. 9 and 10. 
The thickness of the grid conductor layers 100A-100D is 
typically in the range of 0.05 to 100 ism, advantageously 
0.1 to 10 Jim. The grid conductor layers are generally 
selected from a metal such as Cu. Cr, Ni. Nb. Mo. W. or 
alloys thereof, but the use of conductive ceramics such 
as oxides, nitrides, and cart>ides is also possfcle The 
insulata layers lOIA IOID are typically formed from 
materials such as sflica or glass. 
100451 In Rg. 9. the mask particles 106 are typically 
1enomagnetic (e.g. Fe. f^. Co. or their alloys). Desirable 
partide size is typically in the range of 0.1-20 ism in 
average diameter. During the placement of the parti- i 
des. e.g. by sprinMing onto the nanotube emitter struc- 
ture, a vertical magnetic field is applied, wtich causes 
the fenromagnetic particles 106 to form a vertically elon- 
gated chain^jf-spheres containing at least 2 particles. 
Some chains-of-spheres may hav more partkrfes than $ 
others, but this does not matter for th purpose of 
depositing the muftilayer grid structure. After alternating 
depositk)n of reulating spacer fim (101A-101D) and 



the grid conductor film (100A-100O) into muftilayer 
stacks, the ferromagnetic particles 106 are r moved, 
ag.. by magnetically pulling away using a permanent 
magnet or by chemical etching. 
5 [0046] An alternative partide mask approach is 
schematically illustrated in Rg. 10. In this alternative 
approach, elongated or prolate ferromagnetic particles 
107 are sprinWed in the presence of vertical magnetic 
field so that they stand ip vertically to serve as mask 
ro particles during the deposition of the multilayer grid 
structure (100A-100D and 101A-101D) on substrate 
105. conductor layer 104 and nanotube emitters 103. 
The partide mask is then removed as discussed previ- 
ously The elongated mask partrcles 107 typically have 
IS an average axial maximum dimension, e.g.. diameter, in 
the range of 0. 1 -20 jim. It is possible to prepare the par- 
tides 107, for example, by thin film deposition (e.g. by 
sputtering, evaporation, electroless plating) of the mask 
material through a perforated template (not shown) 
20 placed at a desired height above the nanotube emitters. 
Suitable materials for the elongated mask partides 107 
indude metals such as Cu, Al. Ni, easily water or sol- 
vent dissdvaUe polymers (e.g., polyvinyl acetate, pdy- 
vinyl ateohol. pdyacrylamide. acrytonitrile-butadiene- 
?ff styrene or ABS). vdatile polymers (e.g.. PMMA) or 
easily dissolvable salts (e.g., NaCI). After deposition of 
the partides. the template is removed, and the multi- 
layer grid structure formed. 

[0047] The cathode and gate stnjcture of Rg. 8. as 
30 used in a miaowave amplifier, is not necessarily flat in 
surface geometry. It is possWe to use a reshaped bulk 
nanotube conposite emitter, or a curved substrate hav- 
ing thin film array emitters deposited thereon. The 
curved sttetrate is prepared, for exanple, by etching or 
35 mechanical polishing (e.g.. in the case of materials such 
as Si) or by plastic defonnation (e.g.. in the case of duc- 
tile metals such ad Cu, Mo, Nb. W. Fe. Ni. or alloys 
thereof). 

[0048] Advantageously the nanotubeK»ntaining 
40 cathode and multilayer grid structure of Rg. 8 is used in 
a TWT, instead of a thermionic emission cathode. Also, 
the cathode/grid structure of Rg. 8 is advantageously 
slightly concave for focusing the emitted electrons into a 
beam 

ts [0049] The nanotube emitter structure of Rg. 8 
reduces the perpendicular momentum spread of elec- 
trons emitting from the cathode due to four features, (1) 
Law voltage emission is desirable to have reduced 
beam spreacfing. If the emitter geometry is held con- 

fo stant the perpendknilar momentum spread scales as 
the square root of the emission voltage. The use of pro- 
truding nanotube emitters allows low voltage enission 
and hence reduced perpendteular momentum in niao- 
wave ampfifier operation. (2) Electron emission is 

5 restrided to th central area portion, which is much 
smaller than the entire grid aperture area. (3) The lec- 
tron beam is focused by the stack of the multilayer grid 
structure. (4) A concave substrate further focuses the 
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electron beam. 

[0050] ttisalsopossi3letouseth nanotube-based 
emitters of the invrention to fabricate a flat panel, field 
emission cfisplay. Such a field emission display is con- 
structed, for example, with a diode design (i.e.. cathode- 5 
anode configuration) or a triode design (I.e., cathode- 
grid-anode configuration). Advantageously, a grid elec- 
trode is used, more advantageously a high density 
aperture gate structure placed in proximity to the nano- 
tube emitter cathode, as discussed previously io 
[0051] For display applications, emitter material 
(the cold cathode) in each pixel of the display desirably 
consists of multiple emitters for the purpose, among 
others, of averaging out the emission characteristics 
and ensuring uniformity in display quality. Because of is 
the nanoscopic nature of the caitxin nanotut>es. the 
emitter provides many emitting points, typically more 
than 10^ emitting tps per pixel of 100x100 iirrf. assum- 
ing 50% nanotube density with a tubule dianr>eter of 10- 
100 nm. Advantageously the enrtter density in the zo 
invention is at least l/pm^. more advantageously at 
least lO/jim^. Because efficient electron emission at low 
applied voltage is typically achieved by the presence of 
accelerating gate electrode in dose proximity (typically 
about 1 miaon distance), it is useful to have multiple 25 
gate apertures over a given emitter area to utilize the 
capability of multipie emitters. H is also desirable to have 
a fine-scale, micron-sized structure with as many gate 
apertures as possible tor increased emission efficiency. 
[0052] Rg. 1 1 illustrates a flat panel field emission 30 
display using a nanotube emitter structure of the inven- 
tion. The display contains a cathode 1 10 including a plu- 
rality of nanotube emitters 112 and an anode 114 
disposed in spaced relations from the emitters 112 
within a vacuum seal. The anode conductor 1 1 6 formed 35 
on a transparent insulating substrate 118 is provided 
with a phosphor layer 120 and mounted on si^Dport pil- 
lars (not shown). Between the cathode and the anode 
and closely spaced from the emrtlers is a perforated 
conductive gate layer 1 22. Conveniently, the gate 122 is 40 
spaced from the cathode 1 10 by an insulating layer 124. 
[0053] The space between the anode and the emit- 
ter is sealed and evacuated, and voltage is applied by 
power si4)ply 126. The field-emitted electrons from the 
nanotuk)e emitters 1 12 are accelerated by the gate elec- 45 
trode 122. and move towaixl the anode conductor layer 
116 (typically a transparent conductor such as indium- 
tin oxide). As the accelerated electrons hit the phosphor 
layer 120. a display image is generated. 
[0054] It is also possible to use the truncated nano- so 
tut)e structures of the invention Ibr energy storage 
devices, such as fightweight. high-energy density bat- 
teries. R is known that nanopores of molecular dimen- 
sions are able to iptaKe. ag., adsort>. large amount of 
gases. For example, open-ended cattoon nanotubes ss 
uptake three times more hydrogen than virgin (as- 
grown) nanotubes having capped ends. See. e.g., A.C. 
Dilkxi et al.. "Storage of hydrogen in single-walled car- 



bon nanotubes.' Nature. Vol. 386, 377 (1997). trrproved 
hydrogen uptake is desired for energy storage applica- 
tkxis, such as efficient fuel-cells for electric vehicles. 
The truncated, high-density, unifam height nanotube 
structure of the invention provides a large concentration 
of open nanotubes ends that are simultaneously open 
to hydrogen adsorption, and thus offers useful proper- 
ties for hydrogen storage. 

[0055] Similarly, ttie truncated nanotube structure is 
amenable to relatively easy uptake of molten alkali met- 
als such as lithium, sodium, potassium, arvl cesium, 
which tend to form graphite imercalation compounds. 
The electrolytic storage of lithium ions in graphite-type 
materials is reversble. as is known tor lithium-ion batter- 
ies. See. e.g.. J.R. Dahn et al., TWIechanisms tor Lithium 
Insertion in Carbonaceous Materials." Science Vol 
270. 590 (1995). It is ther^ore possible to use the tnm- 
cated nanotube structure of the invention as an efficient 
negative electrode in secondary (rechargeable) batter- 
ies such as lithiuoMon batteries. In particular, the low 
density of cartxxi nanotubes would provide a high 
energy density per unit battery weight. 
[0056] Other emtx)diments of the invention will be 
apparent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 
herein. 

Claims 

1 . A process for fabricating an article, comprising the 
steps of: 

provkiing an array of aligned cartxjn nano- 
tubes; 

tivncating at least a portion of the nanotul>es, 
such that at least 10% of the truncated nano- 
tubes are free of end caps. 

2. A device conprising buncated cartxxi nanotubes. 
wherein the truncated nanotiijes have a height 
within 30% of the average truncated nanotube 
height, and wherein at least 10% of the tmncated 
rvmotubes are free of end caps. 

3. A devtoe conprising truncated cartxxi nanotubes, 
wherein the truncated nanotubes have a height 
within 30% of a reference distance, the reference 
distance k>eir>g the smaller of the average height of 
the truncated nanotubes and the average distance 
between neighboring nanotubes. and wherein at 
least 10% of the truncated nanotubes are free of 
end caps. 

4. The process of daim 1 or the device of daim 2, a 3 
wherein at least 50% of the tmncated nanotubes 
are free of end caps. 

5. The process of daim 1. or the devtee of daim 2 or 
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3, wherein the truncated nanotubes either have a 
height within 30% of a reference distance, the refer- 
ence distance being the smaller of the average 
height of the truncated nanQtLi>es and the average 
distarK:e t>etween neighboring nanotuk>e5. or have 5 
a height within 10% or within 30% of the average 
height of the truncated nanotubes. 

6. The process of daim 1 . wherein the truncating step 
conprises either directing a high energy beam at 10 
the nanotubes: 

or applying a temperature gradient to the nano- 
tubes in an oxygen-containing atnriosphere. 
such that a portion of the nanotubes burn is 
away: or dissolving cartx>n from the nanotube 
ends by contact with a cartx)n-solubfe material: 
or encapsulating the nanotubes in a solid 
matrix: 

e}q30sing nanotuk>es by at least one process 20 
selected from sectioning the matrix and polish- 
ing the matrix: and 

etching the matrix material away from the 
exposed nanotubes to provide protruding nan- 
otut>es. 25 

7. The process of daim 6. wherein the high energy 
beam selected from a laser t)eam. an electron 
beam, and an ion beam: 

30 

or the said temperature gracSent is provided by 
contacting the nanotut)es with a heated txxJy: 
or the cartxsn-soluble material comprises a rare 
earth metal and a norvrare earth metal. 

35 

8. The process of daim 6, wherein the heated body 
comprises a heated Wade, for exanple when 
heated to at least 400«C: 

or the cartx>n-soluble material conprises at 40 
least one of Ce. La. Fe. and Mn, 

9. The process of daim 7. wherein the cartxm-solLtole 
material is nr)otten and the nanotube ends are 
placed in the molten material; 45 

or the caibon-soluble material is sdid. and the 
nanotube ends are rubbed against the solid 
material. 

so 

10. The device of daim 2 or 3, wherein the truncated 
nanotubes have an average height of either 0.1 to 
100 ftfn. or 0.01 to 1000 Mm from the surface of a 
supporting sufckstrata 

55 

11. The device of daim 2 or 3. wherein the device is an 
energy storage device. 
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